) concentrations, suggesting a high possibility of 'bottom-up' (organic substrate supply) control. This was confirmed by the results of 3 enrichment experiments showing that bacterial growth was C limited. Our study provides mechanistic information regarding the magnitude of the interaction between physical, chemical and biological processes, since the time scale adopted by this study encompasses the turnover times of auto-and heterotrophic plankton.
INTRODUCTION
Upwelling is an important marine phenomenon providing opportunities for understanding the magnitude of coupling among physical, chemical and biological processes (e.g. Grantham et al. 2004 , Smith et al. 2004 . The upwelling system is also one of the ecosystems that has the highest 'new or export production' leading to potentially profound effects on the regulation of the global carbon cycle (e.g. Barber & Smith 1981 , Dugdale & Wilkerson 1989 , Chavez & Toggweiler 1995 , Murray et al. 1995 . Most upwelling studies have been performed to address biological responses over time scales of days to years (e.g. Summerhayes et al. 1995) . We now know that at larger time scales, physical, chemical and biological processes tend to be coupled, but this is not clear for smaller time scales (e.g. Blasco et al. 1984 , Wilkerson & Dugdale 1987 , Dugdale & Wilkerson 1989 , Summerhayes et al. 1995 , Wieters et al. 2003 . The prime requisite for understanding the ABSTRACT: We examined the short time scale (i.e. hours to days) responses of phytoplankton and heterotrophic bacteria to a spring tide-driven upwelling, which is different from classical wind-driven systems, in southern Taiwan in a semi-enclosed embayment. Results showed that nitrate concentrations (NO 3 -, < 0.15 to 10.2 µM) correlated negatively with temperature (ca. 16 to 26°C). Estimated NO 3 -flux upwelled from > 70 m was ~60 mmol N m -2 h -1 with <1% of it utilized by phytoplankton. Chlorophyll a concentrations doubled from 0.07 to 0.16 µg l -1 in the 9 h after the upwelling to maximal concentrations of < 0.30 µg l ) responded to the upwelling ~5 h earlier than chlorophyll. The observed uncoupling between upwelled nutrients and the low chlorophyll phenomenon might be due to quick tidal mixing and shorter residence time of the water mass (<1 d) within the bay, in comparison to the algal turnover time (1.3 to 3.7 d). Euphotic zone integrated bacterial production (17 to 28 mg C m -2 d -1
) and bacterial turnover rate (0.6 to 0.8 d -1
) were positively correlated with IPP, Pμ and depth integrated particulate organic carbon (ca. 540 to 6575 mg C m -2 controlling mechanism is the determination of the spatial and temporal scales upon which these interactions take place, and it is at the smaller scales that mechanistic relationships are expressed (Dickie et al. 1987) .
Coastal upwelling is mostly wind-driven, persists for days and weeks, and has a profound impact on coastal ecosystems (e.g. Wilkerson & Dugdale 1987 , Summerhayes et al. 1995 , Wieters et al. 2003 , Grantham et al. 2004 . The upwelled water, with copious inorganic nutrients, is the driving force for most of the ecological processes in these systems. Internal tidal bores may be another important mechanism of supplying external nutrient rich and plankton rich water into coral reef or shelf regions (Rory et al. 1981 , Pineda 1991 , Leichter et al. 1998 , Leichter et al. 2003 ). We performed a short time scale study (i.e. hours to days) of a coastal upwelling which was induced, in contrast to previous studies, by the combined effects of tidal flow and topography.
The study site is located in the Nan-Wan Bay in tropical southern Taiwan (Fig. 1A) . It is a semi-enclosed embayment with coral reefs distributed along the coastal line at depths of < 30 to 50 m. There is a monthly periodic upwelling during spring tide (Lee 1999 . Upwelling formation might be associated with cyclonic eddy pumping induced by the combined effects of tidal flow and topography. Circulation was dominated by a strong tidal current in the bay, and the prevailing tidal currents were essentially zonal and contained sizable diurnal and semidiurnal components in the study area. The duration from initiation to disappearance of this eddy pumping upwelling is <1 d, the maximal vertical velocity for the upwelling was 0.5 cm s -1
, and the horizontal velocity of the eddy circulation could reach ~70 cm s -1 . Interestingly, phytoplankton blooms have never been reported in this area. There are several important questions worth exploring. Does an algal bloom occur in the upper column? If not, what prevents it? How fast do auto-(primary production) and heterotrophic (bacterial production) processes couple in this system? Based on this and the above reasoning of scaling, we designed a cruise to explore how planktonic communities respond to the upwelling in shorter time scales of hours to days.
MATERIALS AND METHODS
Study area and sampling. The cruise survey was conducted on the RV 'Ocean Researcher I' in late February 2001, with 11 sampling stations in the Nan-Wan Bay (Fig. 1A) . For the tidal variation study, a total of 25 continuous hydrocasts, with an interval of 1 to 2 h, were performed at the predicted upwelling center (i.e. Stn 5). We visited Stn 5 in between each visit to all the other stations (Fig. 1B) . Water samples were collected using 10 l Teflon coated Go-Flo bottles mounted on a General Oceanic rosette assembly. For each station, we took water samples from 4 to 9 depths, depending on bottom depth. Temperature and salinity profiles were recorded with a SeaBird CTD (SBE 9/11 puls, SBE). For each station, there were at least 2 CTDs cast, with at least 1 cast for chemical and biological measurements (Table 1 ). The sampling time for each station, and the steaming time between stations were approximately 0.5 to 1.0 h and 10 to 20 min, respectively. For the daytime casts, surface and subsurface photosynthetic available radiance (PAR) was recorded (QSP 160; (Parsons et al. 1984) .
Primary production was measured by the 14 C assimilation method (Parsons et al. 1984 , Shiah et al. 2001 . Water samples were collected from the euphotic zone, and inoculated with H 14 CO 3 -(final conc. 10 µCi ml -1 ) in a 250 ml clean polycarbonate bottle (Nalgene). Samples were incubated on board for 2 to 4 h in custom built tanks filled with running surface seawater and illuminated by fluorescent bulbs with a light intensity corresponding to the in situ irradiance level. Following retrieval, samples were immediately filtered through Whatman 25 mm GF/F filters. The filters were then placed in scintillation vials, and 0.5 ml 0.5 N HCl was added to remove residual H 14 CO 3 -. Radioactivity was counted in a liquid scintillation counter (Packard 1600) after the addition of a 10 ml scintillation cocktail (Ultima Gold, Packard). The model (Webb et al. 1974) was applied to estimate the maximal Chl normalized photosynthetic rate (P ). Phytoplankton turnover rate was calculated as depth integrated PP divided by depth integrated Chl with a conversion factor of 58 g C g Chl -1 (Eppley et al. 1992) . PP measurements were conducted only during the daytime at Stns 2, 4, 5, 7 and 9 (Table 1 ). Since the P B max and α derived from these stations were similar to each other (Table 1) , PP for the other 6 stations were calculated using the averaged P B max (7.27 ± 1.09 g C g Chl -1 h -1 ) and α (0.0182 ± 0.019 g C g Chl
) of these 5 stations.
Particulate organic carbon, bacterial abundance and bacterial production. Samples for particulate organic carbon (POC) were filtered through a Whatman 25 mm GF/F filter, wrapped in aluminum foil and then stored at 4°C. Both filters and aluminum foil were precombusted at 550°C for 1 h. After drying and acidfuming, samples were measured by the combustion method (HORIBA EMIA-510). POC was not measured at Stns 6, 8 and 10 (Table 1) . Bacterial abundance was measured by acridine orange epifluorescence microscopy (Hobbie et al. 1977) . Biomass was calculated , respectively (Shiah et al. 2000) . Bacterial biomass (BB) and BP data were only available for Stns 2, 4, 5, 7 and 9 (Table 1) .
Bacterial enrichment experiments and data analysis. Experiments were conducted at Stns 2, 5 and 7. Water samples collected at the surface (~5 m) were filtered through a pre-acid (0.5 N HCl), washed, then MilliQ water rinsed through a 0.8 µm polycarbonate (Nucleopore) filter. The filtrates were then assigned to 4 treatments that were incubated in duplicate 2 l polycarbonate (Nalgene) bottles at in situ temperature for 12 h. Treatments included (1) control, (2) glucose addition (C treatment), (3) NH 4 + plus PO 4 -3 addition (N + P treatment), and (4) glucose plus NH 4 + plus PO 4 -3 addition (C + N + P treatment). The final concentrations of glucose, NH 4 + and PO 4 -3 were 100 µM, 1.0 µM and 1.0 µM, respectively. Depth integrated data if used, were integrated (trapezoidal method) down to the euphotic zone depth. StatView II TM was used for statistical analysis.
RESULTS
As the Nan-Wan Bay is located in southern Taiwan, geographically, water physical properties within the bay are primarily affected by the water masses from the Western Philippine Sea (WPS) and the South China Sea (SCS, Lee 1999) . The temperature-salinity diagram indicated that the temperatures and salinities taken from all sampling casts lies between those of the WPS and the SCS (data not shown). It also indicated that there was no trace of coastal and/or freshwater effects. The bottom and euphotic zone depths of the study area ranged between 47 and 131 m and 36 and 91 m, respectively (Table 1) . Light extinction coefficients ranged between -0.04 and -0.07 m -1 with lower values observed at Stns 10 and 11 (Table 1, Fig. 1A) .
During the upwelling period, i.e. from lower low water to lower high water (Fig. 1B , sampling periods I and III), the temperature profile along the transect crossing Stns 11, 2, 5 and 7 formed a dome-shape with the lowest temperature (< 21°C) centering at Stn 5 ( Fig. 2A) . During the non-upwelling period, this temperature dome-shape became much less significant (Fig. 2B) . The spatial distribution of temperatures recorded at a depth of 30 m showed that during the non-upwelling period, its contour was less obvious, with a temperature variation <1°C (Fig. 3A) . During the upwelling period, the largest temperature difference between Stn 5 and the other 5 stations exceeded 3°C (Fig. 3B ).
As to tidal variation, temperature (Fig. 4A, 15 .9 to 25.1°C) and salinity (Fig. 4B, 34 .32 to 34.61) varied periodically within 42 h. The 23°C isotherm elevated from a depth of 70 m to ~20 m within 8 h, and then descended down to >100 m in 12 h. The second cycle was more dramatic than the first one, with the 23°C isotherm intruding upward to a 10 m depth. Nitrate (NO 3 -) concentrations at Stn 5 ranged from < 0.15 to 10.2 µM (Fig. 4C) and showed a negative correlation with temperature (NO 3 -= 26.9 -1.06 × T, n = 82, r 2 = 0.92, p < 0.01). This suggested that NO 3 -behaved reliably (i.e. no or low biological uptake or release) during the upwelling. For the 14 casts where NO 3 -concentrations were not measured, the NO 3 -profiles could be estimated from the linear relation presented above. , n = 82, r 2 = 0.87, p < 0.01), which was significantly lower than the Redfield ratio (N : P = 16; n = 82, p < 0.01). ) in 9 h; assuming phytoplankton C:N ratios followed that of Redfield (C : N = 106 : 16) and the Chl : C ratio was 58 g C g Chl -1 (Eppley et al. 1992 ), the nitrate uptake rate was determined to be 0.35 mmol N m -2 h -1 . This accounts for 0.6% of the NO 3 -flux from the upwelling. The euphotic zone integrated primary production ( Fig. 5B, IPP ; 118 -389 mg C m -2 d -1 ), and its turnover rates (Fig. 5C ). Vertical bars above each panel indicate sampling times that, both parameters kept decreasing when surface waters were depleted of nutrients (Fig. 4C) ). Assuming the phytoplankton C:N uptake ratio follows that of Redfield and that there are 12 daylight hours, the maximal IPP was ~0.35 mmol N m -2 h -1 . Note that this value was exactly the same as the one calculated from the IChl data. The negative relationship for INO 70 versus IChl was also observed at Stn 7 (r = -0.94, n = 5, p < 0.01). In fact, the 5 data points of INO 70 and IChl calculated from Stn 7 fit very well with the INO 70 and IChl curves of Stn 5 (Fig. 5A) .
Bacterial biomass ranged between 0.30 and 0.63 mg C m -3 with an average of 0.46 ± 0.09 mg C m ) with higher values at the surface decreasing with depth (Fig. 6B) . Particulate organic carbon (POC) concentrations varied 3-fold among stations ranging from 41 to 145 mg C m -3 (Table 1 ). There was no consistent pattern for POC profiles (data not shown). The values of euphotic zone integrated BB (IBB, 27.7 to 36.7 mg C m ), IPP and Pμ ( Table 2 ). Note that for these analyses, we used data taken from different stations and sampling times.
Field data for the 3 enrichment experiments performed at Stns 2, 5 and 7 are listed in Table 3 ). The difference between the control and the glucose treatments became more and more significant after that. The C+N+P treatment behaved almost exactly the same as the glucose treatment. All of these findings suggest that bacterial growth at these 3 stations was limited by the supply of dissolved organic carbon.
DISCUSSION AND CONCLUSIONS
The enhancement of biological activity due to upwelling has been well demonstrated in several ecosystems, and upwelling was mostly driven by wind or internal tidal bores (e.g. Pineda 1991, Leichter et al. 1998 , Spitz et al. 2003 , Wieters et al. 2003 . Few studies have focused on tide driven coastal upwelling. Results from our field study, performed at short time scales, clearly demonstrate the sequential responses of autoand heterotrophic processes to the increase of inorganic nutrients provided by tidal upwelling. The formation of the cyclonic eddy depends upon the tidal amplitude, which is at its largest during the spring tide. The disappearance of the cold and nutrient rich waters after the peak upwelling (i.e. the relaxation period of upwelling, Fig. 4 , after sampling at 9 and 34 h) was primarily due to quick mixing with adjacent warm (and oligotrophic) water, rather than the withdrawal of the spring tide or decrease in biological uptake. We found that there were time lags for the occurrence of maximal nutrient concentrations, phytoplankton growth and biomass accumulation (Fig. 5) . In the first tidal cycle, maximal phytoplankton C-fixation and turnover rates appeared during the mid relaxation of upwelling where concentrations of INO 70 were in the medium range (~150 mmol N m -2 ). Phytoplankton turnover rates (Pμ) decreased dramatically during the late relaxation period when NO 3 -in the surface waters was depleted (or very low), indicating a possibility of nutrient limitation on algal growth. The same phenomenon was repeated in the second tidal cycle. Maximal algal biomass (IChl) always occurred after maximal Pμ (and IPP) and maintained higher values for ~12 h. This is reasonable if grazing (zooplankton) does not catch up immediately (see below). The results from Stn 7, although only based on 5 data points, also revealed the same scenario as Stn 5 (Fig. 5A) .
Two interesting phenomena were noted in our field study. The decrease of inorganic nutrient concentration (INO 70 ) over tidal cycles seemed to be determined primarily by a physical mixing (dilution) process. Biological uptake via phytoplankton did occur but constituted <1% of the nutrient flux (~60 mmol N m , which is very close to the values recorded in the adjacent oligotrophic Taiwan Strait (Shiah et al. 2000) . In many upwelling systems, an increase of Chl concentration >1.0 mg Chl m -3 is not uncommon (Dugdale & Wilkerson 1989 ). There are 3 possibilities for this. Firstly, the low N:P molar ratio (N : P = 12.7) suggests that phytoplankton growth, and thus its biomass accumulation, might be N limited during the late relaxation period. Unfortunately we did not find evidence for this deduction. Secondly, zooplankton grazing, if it catches up quickly with the algal cycle, might prevent the accumulation or even reduce algal biomass. We think this possibility is small. During the second (and the first) upwelling period, IChl dropped abruptly from 10.6 to 6.7 mg Chl m -2 in 2 h, which is equal to a reduction rate of 18% Chl h -1 (i.e. [10.6 -6 .7]/[10.6 × 2]). The impact of zooplankton grazing (on phytoplankton) on the study area varies between 0.13 and 0.27% Chl h -1 with an annual mean of 0.20% Chl h -1 (Dr. J. S. Hwang, unpubl. data). Therefore, grazing alone cannot account for this reduction of IChl. It has been suggested that benthic filter-feeders (i.e. sponges, soft corals, etc.) may consume a significant amount of phytoplankton (Fabricius & Dommisse 2000 , Richter et al. 2001 . The eddy can, in fact, reach the coral reef area with a velocity > 60 cm s -1 ) and spur on the growth of phytoplankton there. Heavy grazing may reduce Chl concentrations in the shallow area and then transport this low Chl to the deep area by eddy movement. Benthic grazing may thus serve as one of the explanations for the reduction of Chl we observed in the deepwater stations. Unfortunately, we did not have enough data to verify this. After pooling the data of Stns 5 and 7, we found significant linear positive and negative relationships for IChl versus euphotic zone averaged temperatures (21.6 to 24.9°C, r = + 0.92, n = 32, p < 0.01), and IChl versus euphotic zone averaged salinities (34.49 to 34.54, r = -0.91, n = 32, p < 0.01), respectively. This indicates that the temporal and spatial patterns of IChl might be strongly determined by conservative mixing.
The IChl recorded during the first late relaxation period (Fig. 5A , sampling hours 18 to 27) did not change much, maintaining values > 9 mg Chl m -2 . As mentioned above, we ascribed this unvaried IChl more to the reduction of Pμ than to zooplankton grazing. These measurements indicate that the magnitude of physical mixing is probably more important in determining the temporal and spatial patterns of phytoplankton biomass at short time scales. That is, Chl is diluted during upwelled periods and starts to grow when the water column becomes more stable during early relaxation periods. When nutrients are depleted afterwards, phytoplankton growth (turnover) rates begin to decrease abruptly resulting in unvaried Chl concentrations. The second cycle repeats these features when the next upwelling event occurs. More importantly, the residence time (<1 d) of the upwelled plume within the bay (Lee 1999) was shorter than that of phytoplankton turnover time (1.3 to 3.7 d, Fig. 5C ), indicating the lack of a physical mechanism for retaining phytoplankton within the bay for mass accumulation.
The IBP/IPP (i.e. BP/PP) ratios did not vary much, displaying a mean of 9.1 ± 0.1% (n = 7). These ratios were low compared with the global average of 25% (Ducklow 1999 ) and those of the adjacent oligotrophic Taiwan Strait waters (Shiah et al. 2000) . Assuming an averaged growth efficiency of 20% (Roland & Cole 1999) for our bacteria, bacterial carbon demand is 50% of the in situ particulate primary production in this system. Several studies showed that algal exudation (the release of photosynthetic dissolved organic matter) constitutes 10 to 14% of particulate primary production (Ducklow & Carlson 1992) . This indicates that non-phytoplankton sources of dissolved organic matter (DOM) might be important in supporting bacterial carbon demand. One non-algal DOM source may come from the benthic system, e.g. coral exudates and others (Ferrier-Pagès et al. 2000) . That is, benthic DOM could be transported to the pelagic area and then fuel bacterial growth by eddy movement in our system.
Our results showed that the heterotrophic processes were tightly coupled with phytoplankton activities and IPOC (Table 2) but not with algal biomass. The positive relationship found between bacterial rate parameters (production and turnover rate) versus phytoplankton rate parameters has been traditionally cited as evidence of bottom-up (organic substrate supply) control (Cole et al. 1988) . Recent studies, on the other hand, suggest that this positive relationship might be induced by co-variation, particularly in warm and oligotrophic systems where NH 4 + availability might limit bacterial and algal growth simultaneously (Shiah et al. 2001 (Shiah et al. , 2003 . The results of the enrichment experiments (Fig. 7) offer convincing evidence that bacterial growth was organic C limited and the positive relationship between bacterial and phytoplankton rate parameters can be explained as bottom-up control. In fact, organic C limitation on bacterial growth in reef systems has been reported (Ferrier-Pagès et al. 2000 , Torréton et al. 2000 . Bimonthly enrichment experiments performed afterwards also showed that, for most of the year, bacte-rial growth was C limited (F.-K. Shiah & K.-Y. Li unpubl. data). We did not measure NH 4 + concentrations during the cruise, but can reasonably deduce that the upwelling might bring NH 4 + up to the surface, as shown by other upwelling studies (Dugdale & Wilkerson 1989) . It has been established that the benthos is a net source of inorganic N and P in many reef systems (Rasheed et al. 2002) . Although our experiments used water samples remote from the coral reef (i.e. Stns 2, 5 and 7 with bottom depths > 70 m), inorganic nutrients released from the benthos living in the shallow area still may be able to reach to the surface waters of these 3 stations through the lifting and mixing processes caused by upwelling. Therefore, it was not surprising to see organic C limitation on bacterial growth, a tight coupling of bacterial rate parameters with phytoplankton rate parameters, and IPOC in a reef system during the upwelling period.
Overall, this study shows the sequential changes of chemical, auto-and heterotrophic processes in a semienclosed embayment during 2 upwelling events over a time scale of hours to days. Unlike other upwelling systems, chlorophyll concentrations were very low despite an elevated supply of inorganic nutrients periodically in the Nan-Wan Bay system. This uncoupling of upwelled nutrients and a low chlorophyll phenomenon can be ascribed to quick tidal mixing and the short residence time (and quick dilution) of the water mass within the bay. In an upwelling system with an abundant supply of inorganic nutrients, organic carbon limitation on bacterial growth can be expected, as shown by our enrichment experiments. More than 90% of the upwelled nutrients have not been utilized by phytoplankton within the bay. These unutilized nutrients might be important in fueling local primary production once the eddy plume moves out of the bay area. Currently, most field studies are conducted over longer time scales (seasonal to annual) and larger spatial scales (several hundred km to basin). Studying at shorter time scale (hours to days) variations can provide more insightful mechanistic information since this concurs with plankton turnover times.
